Ionophore-doped sensing membranes exhibit greater selectivities and wider measuring ranges if their membrane matrixes are noncoordinating and solvate interfering ions poorly. This is particularly true for fluorous phases, which are the least polar and polarizable condensed phases known. In this work, fluorous membrane matrixes were used to prepare silver ion-selective electrodes (ISEs). Sensing membranes composed of perfluoroperhydrophenanthrene, sodium tetrakis[3,5-bis(perfluorohexyl)phenyl]borate, and one of four fluorophilic Ag + -selective ionophores with one or two thioether groups were investigated. All electrodes exhibited Nernstian responses to Ag + in a wide range of concentrations. Their selectivities for Ag + over interfering ions were found to depend on host preorganization and the length of the -(CH 2 ) n -spacers separating the coordinating thioether group from the strongly electron withdrawing perfluoroalkyl groups. ISEs based on the most selective of the four ionophores, that is, 1,3-bis(perfluorodecylethylthiomethyl)benzene, provided much higher selectivities for Ag + over many alkaline and heavy metal ions than most Ag + ISEs reported in the literature (e.g., log K Ag,J pot for K + , -11.6; Pb 2+ , -10.2; Cu 2+ , -13.0; Cd 2+ , -13.2). Moreover, the use of this ionophore with a linear perfluorooligoether as membrane matrix and solid contacts consisting of three-dimensionally ordered macroporous (3DOM) carbon resulted in a detection limit for Ag + of 4.1 ppt (3.8 × 10 -11 M).
are released into the environment annually, and approximately 80 tons end up in surface waters.
1 Silver is not as toxic to humans as many other heavy metals, but the U.S. Environmental Protection Agency reported that a concentration higher than 1.6 nM is toxic to fish and microorganisms, 2 and the maximum contaminant level for total silver in drinking water was set to 0.9 µM.
3 While other methods for the determination of silver are available, atomic absorption spectrometry and the use of an inductively coupled plasma in combination with atomic emission or mass spectrometry are recommended methods. 4, 5 These and many other techniques often require quite extensive and time-consuming sample pretreatment, including preconcentration and matrix separation. In comparison, ion-selective electrodes (ISEs) require little sample preparation and manipulation while still permitting very wide ranges of linear response, low limits of detection, high selectivities, and the possibility to distinguish between the free metal ion and its complexes. 6, 7 Advances in the understanding of ion fluxes across ISE membranes made measurements with ISEs in the parts-per-billion (ppb) and parts-per-trillion (ppt) level possible. [8] [9] [10] Both Ag + ISEs with an inner filling solution in which the primary ion was buffered to a low activity and solid contact ISEs (SC-ISEs) without inner filling solution were reported. The use of Ag + ISEs with inner filling solutions in contact with an ion-exchange resin were shown to minimize ion fluxes through the sensing * To whom correspondence should be addressed. E-mail: buhlmann@ umn.edu. membranes, resulting in detection limits as low as 3 × 10 -10 M. 11 In the first low-detection limit demonstration of Ag + ISEs with a solid contact, polyoctylthiophene was used as the solid contact, and a detection limit of 2 × 10 -9 M was achieved. 12 More recently, we reported on ISEs with solid contacts made of three-dimensionally ordered macroporous (3DOM) carbon, 13, 14 which consists of a glassy carbon skeleton with a highly ordered array of uniformly sized macropores. The large interfacial area and the high capacitance of 3DOM carbon solid contacts was shown to result in excellent long-term stabilities. 14 Ag + ISEs with 3DOM carbon solid contacts exhibited a detection limit of 4.0 × 10 -11 M. 15 These low detection limits are not only of interest in view of silver measurements in environmental and biological samples, but enable new applications that were hindered so far by unsatisfactory detection limits. For example, the use of Ag + -selective electrodes for real-time monitoring of the growth dynamics of silver nanoparticles was described recently. 16 Also, as an example of an assay with chemical signal amplification, a Ag + -selective electrode was used as a transducer for immunoassays. The electrodes were used to detect Ag + ions released oxidatively from a nanoparticle label attached to an antibody. This permitted the detection of 12.5 pmol of the antigen immunoglobulin G (IgG) in samples as small as 50 µL. 17 The existing needs for silver analysis and these emerging applications of Ag + ISEs led us to wonder whether the selectivity of Ag + ISEs could be increased by use of fluorous sensing membranes. Significant improvements in selectivity were recently achieved for ionophore-free cation 18, 19 and anion 20, 21 exchange electrodes with fluorous membranes as well as for ISEs based on fluorophilic H + ionophores and fluorous liquid 22 and perfluoropolymer membrane matrixes. 23 The selectivityenhancing effect of fluorous phases arises from the noncoordinating and poorly solvating properties of these materials, which are the least polar, least polarizable condensed phases known [24] [25] [26] [27] and are referred to as "fluorous" because of their high fluorine content and because they phase-separate both from aqueous solutions and from hydrocarbons. 28 It is well known that weakly coordinating matrixes favor stronger binding between the ionophore and the ions for which the sensor is designed, and that weak solvation of interfering ions in the sensing membrane further increases the potentiometric selectivity.
6,7 Moreover, weak solvation of counterions inhibits the coextraction of target anions along with their counterions into ISE membranes (Donnan failure), thereby widening the response range. 29 In order to prepare Ag + ISEs with fluorous membrane matrixes, four fluorophilic ionophores with Ag + coordinating thioether groups were used in this work in combination with perfluoroperhydrophenanthrene (1) or a linear perfluorooligoether (2) serving as the membrane matrix and sodium tetrakis[3,5-bis(perfluorohexyl)phenyl]borate (3) providing ionic sites. Compared to previously described ISEs, the selectivities for Ag + over many alkaline and heavy metal ions were enhanced significantly. Moreover, using 3DOM carbon solid contacts, the detection limit for Ag + was lowered to 3.8 × 10 -11 M.
EXPERIMENTAL SECTION
Reagents. All chemicals were of the highest commercially available purity and were used as received, unless noted otherwise. Perfluoroperhydrophenanthrene (1) was purchased from Alfa Aesar (Ward Hill, MA) and the linear perfluorooligoether R-(heptafluoropropyl)-ω-(pentafluoroethoxy)-poly[oxy(1,1,2,2,3,3-hexafluoro-1,3-propanediyl)] (2) was purchased from Daikin Industries (Osaka, Japan). Sodium tetrakis[3,5-bis(perfluorohexyl)phenyl]borate (3), bis[perfluorooctylethyl]sulfane (Ag-1), bis[perfluorooctylpropyl]sulfane (Ag-2), 1,3-bis(perfluorooctylethylthiomethyl)-benzene (Ag-3) and 1,3-bis(perfluorodecylethylthiomethyl)benzene (Ag-4) (see Scheme 1), were prepared according to previously described procedures. 18, 19, 30, 31 All metal ion salts were obtained from Sigma-Aldrich (St. Louis, MO). Deionized and charcoaltreated water (18.2 MΩ · cm specific resistance) obtained with a Milli-Q PLUS reagent-grade water system (Millipore, Bedford, MA) was used for all sample solutions.
Sensing Membranes. To prepare sensing membranes, ionic sites and ionophore were added to the fluorous matrix material (see below for exact concentrations of membrane components), and the resulting mixture was stirred for at least 24 h to ensure complete dissolution. The fluorous sensing phases were then applied with a micropipet onto a stack of 1-6 porous filter disks used to mechanically support the fluorous membrane. Full penetration of the fluorous phase into the porous supports was confirmed by a translucent appearance of the thus prepared sensing membranes.
For all selectivity measurements, Fluoropore filters (porous poly(tetrafluoroethylene) without backing, 47 mm diameter, 0.45 µm pore size, 50 µm thick, 85% porosity) from Millipore were used as membrane supports. As described previously, [18] [19] [20] [21] [22] [23] the Fluoropore filters were sandwiched between two note cards, and appropriate disks of 13 mm diameter were cut out with a hole punch. Six layers of filter disks were used for each electrode when selectivity measurements involved direct exposure to Ag + ; four layers were sufficient when selectivities for one interfering ion relative to another interfering ion were determined with the fixed interference method. 32 The sensing phases consisted of 1 doped with 3 and one of the four ionophores. For each filter disk in the stack, 5 µL of fluorous sensing phase was used. For low detection limit measurements, Fluoropore membrane disks made of a porous poly(tetrafluoroethylene) layer (47 mm diameter, 0.22 µm pore size, 175 µm thickness, 70% porosity) with a polyethylene backing were used. Membrane disks of 16 mm diameter were cut with a hole punch as described above but only one layer was used for each electrode. The sensing membranes were prepared with 10 µL of the linear perfluorooligoether 2, containing ionic sites (0.5 mM) and ionophore (1.5 mM). Ionophore Ag-4 was used for all low detection limit experiments.
Electrode Assembly. For selectivity measurements, the thus prepared fluorous membranes were mounted into custommachined electrode bodies made from poly(chlorotrifluoroethylene), as described previously. 19 In brief, a screw cap with a hole (8.3 mm diameter) in the center was screwed onto the electrode body, securing the sensing membrane in between the electrode body and the cap but leaving the center of the membrane exposed (see Figure 1 in ref 19) . To measure the response to Ag + , a 0.1 mM AgNO 3 solution was added into the electrode body, and a Ag/AgCl wire was inserted as reference electrode. Prior to measurements, all electrodes were conditioned in a 10 mM AgNO 3 solution for 5 h. To determine selectivities directly with respect to Ag + , the inner filling solution contained a 1.0 mM nitrate and a 0.1 mM chloride salt of the interfering ion. Before measurements, the electrodes were conditioned in 10 mM solutions of the nitrate salt of the interfering ion, and the responses to interfering ions were determined before the electrodes were brought into contact with Ag + solutions (see ref 33 for similar procedures).
To improve the detection limit for Ag + , ISEs with 3DOM carbon solid contacts were utilized. 3DOM carbon monoliths were prepared by colloidal crystal templating with monodisperse poly(methyl methacrylate) spheres, as reported previously. 13 Before use, the 3DOM carbon monoliths were polished with sandpaper (600 grit, 3M, St. Paul, MN) to remove the untemplated crust on top of the monolith and to produce the desired size (5 × 5 × 0.5 mm 3 ). The monolith was then attached with colloidal silver paste (Ted Pella, Redding, CA) to the end of a copper wire, which was shaped into a loop at that end for improved mechanical integrity. (No negative effects due to copper surface oxidation were observed in this work, but use of a noble metal wire may be preferable to obtain particularly long sensor lifetimes.) Then about 30 µL of the fluorous sensing phase was pipetted onto the monolith, which wicked up the sensing phase. The pores of the monolith were considered to be saturated with the fluorous sensing phase when no more air bubbles came out of the monolith and the surface of the monolith had a wet appearance. The monolith was then mounted along with a support disk (loaded with 10 µL fluorous sensing phase, as described above) into a custom-machined electrode body of the same construction as for the selectivity measurements (see Figure 1 for 
Scheme 1. Structure Formulas of Ionophores and Other Membrane Components
all other ions the fixed interference method was used with respect to K + for ease of measurements. 32 For all interfering ions Nernstian responses were confirmed by successive dilution of stock solutions in the concentration range where selectivities were measured. The reported selectivities are averages for 6-8 electrodes. Activity coefficients were calculated with a two-parameter Debye-Hückel approximation. 35 All measurements were performed with polypropylene beakers, which were cleaned overnight in 0.1 M HNO 3 before use.
RESULTS AND DISCUSSION
Since the use of a dithia crown ether as the first electrically neutral ionophore for Ag + was reported in 1986, 36 many new ionophores have been applied for the construction of Ag + -ISEs. 7, 37 In most cases, sulfur was the key atom of the coordinating group(s). For example, ionophores with thioether, [38] [39] [40] thiophosphate, 41 and thiocarbamate groups were reported. 33 The silver ion binds to these functional groups with high selectivity. This can be rationalized on the basis of the hard-soft acid base (HSAB) theory, which predicts that sulfur as a soft Lewis base has a high affinity for the silver ion, which is a soft Lewis acid. 42 Interestingly, remarkably high potentiometric selectivities have been achieved with thioether derivatives as ionophores, while use of thiocarbonyl groups often appears to result in more pronounced interferences from other heavy metal ions such as Pb 2+ and Cd
2+
. 43 Based on this prior work, we anticipated that fluorophilic thioether derivatives would be promising ionophores for the selective recognition of Ag + in fluorous phases. Two fluorophilic dialkyl sulfides of the structure R f8 (CH 2 ) n S (where R f8 ) CF 3 (CF 2 ) 7 ; n ) 2 for Ag-1, and n ) 3 for Ag-2) were obtained by reaction of R f8 (CH 2 ) n I with Li 2 S. 30 The pincer ligands 1,3-C 6 H 4 (CH 2 SCHCH 2 R fn ) 2 (n ) 8 for Ag-3, and n ) 10 for Ag 4) were synthesized from 1,3-C 6 H 4 (CH 2 Br) 2 and the thiols HSCH 2 CH 2 R fn , or from the dithiols 1,3-C 6 H 4 (CH 2 SH) 2 and ICH 2 CH 2 R fn . 31 These compounds were first introduced as ligands for fluorophilic palladium complexes, which were shown to be catalyst precursors for Suzuki and Heck reactions.
Potentiometric Responses and Selectivities. For initial experiments, fluorous sensing membranes consisting of perfluoroperhydrophenanthrene doped with 1.0 mM sodium tetrakis[3,5-bis(perfluorohexyl)phenyl]borate and one of the four Ag + ionophores (3.0 mM) were used. The potentiometric Ag + responses of electrodes with these four types of membranes were measured in AgNO 3 solutions (for the calibration curves, see Supporting Information Figure S1 ). Independent of the type of ionophore, every electrode exhibited a Nernstian response to Ag + , and without further optimization the Ag + concentration range for which a linear response was observed was between 10 -7 M and 10 -2 M. The potentiometric responses were fast (e5 s) and, therefore, likely limited by the speed of sample change.
To screen the selectivities of these electrode membranes, the selectivities for Ag + over the monocations K + and Na + and the dication Cu 2+ were determined. Figure 2 shows the selectivity coefficients in logarithmic format (log K Ag,J pot ; see Supporting Information Table S1 for numerical values), illustrating a steep increase in selectivity from ionophore Ag-1 to Ag-4. This trend is the result of host preorganization 6 and electronic effects, as will be discussed in the following.
The perfluoroalkyl chains of all four ionophores ensure that these compounds are sufficiently soluble in the fluorous matrix. However, since perfluoroalkyl groups are strongly electron withdrawing, the sulfur atoms must be separated from these perfluoroalkyl groups by -(CH 2 ) n -spacers in order for the thioethers to bind strongly to Ag + . While the coordinative properties of perfluoroalkyl thioethers (R f -S-R f ) have not been studied, it is well known that the direct substitution of ether oxygens, 19, 44, 45 amino nitrogens, 19, 22 and phosphorus atoms of phosphines 46 with perfluoroalkyl groups results in only extremely weak interactions with protons and metal cations. However, -(CH 2 ) n -spacers can be used to separate the perfluoroalkyl groups from the coordinating group, shielding the latter with increasing efficiency as more methylene units are added. 24 Indeed, as shown in Figure 2 , membranes doped with ionophore Ag-2 have a higher selectivity for Ag + than electrodes doped with ionophore Ag-1. For example, the K + discrimination by Ag-2, which has two -CH 2 CH 2 CH 2 -spacers, is 15.5 times higher than that of Ag-1, which has two -CH 2 CH 2 -spacers. Because Ag-1 and Ag-2 have otherwise identical structures, the different selectivities arise from the different lengths of the -(CH 2 ) n -spacers.
In spite of the electron-withdrawing perfluoroalkyl groups, the selectivities for Ag + of membranes doped with Ag-1 and Ag-2 are 2-3 orders of magnitude higher than those of conventional membranes with nonfluorinated monothioether ionophores (such as diethyl sulfide, ethyl phenyl sulfide and diphenyl sulfide). 38, 39 This appears to be the result of the fluorous matrix and not an electronic effect. Quite to the contrary, while the -CH 2 CH 2 CH 2 -spacers of Ag-2 clearly reduce the electron withdrawing effect of the perfluorooctyl groups on the thioether group, it is well documented that even this type of spacer cannot completely shield tertiary amines and phosphines from perfluoroalkyl groups. 19, 24 Therefore, the Lewis basicities of Ag-1 and Ag-2 are almost certainly lower than those of nonfluorinated ones, suggesting that the higher selectivities of membranes doped with Ag-1 and Ag-2 do not result from stronger binding of Ag + but poorer solvation of interfering ions in the fluorous sensing membranes.
Subsequently, the effect of the ratio of ionophore to ionic sites on the potentiometric selectivities was investigated. As is well documented, the optimum ratio in view of selectivity is controlled by the complex stoichiometry and, therefore, the coordination number, of the primary and interfering ions. 47 For Ag + , the most common coordination number in complexes with inorganic and organic ligands is four. 48, 49 However, tri-and dicoordinate complexes make up roughly half of all known crystal structures, demonstrating that Ag + has a preference for low coordination numbers. Indeed, while there are some examples of penta-and hexacoordinated Ag + complexes with multidentate receptors such as thia crown ethers, several tetracoordinated hexathio crown ether complexes of Ag + were reported. 49, 50 Evidently, the gain in free energy from ligation of the fifth and sixth thioether group is small. While similar data for monodentate thioether ligands are not available, the preference of Ag + for lower coordination numbers is also exemplified well by the stability of its complexes with the monodentate model ligand NH 3 . In aqueous solution dicoordination predominates (K 1 ) 10 3.15 M
) and tricoordination is extremely weak (K 3 ) 0.025 M -1 ), 51 unusual environments such as liquid ammonia or a water-free NH 3 gas are needed for tetracoordination, 52 and computational studies confirm that the penta-and hexacoordinated species are thermodynamically unstable.
Tetracoordination of Ag + by the fluorophilic ionophores used in this study is indeed consistent with the selectivities shown in Table 1 . 53 When the molar ratio of ionophore to ionic sites was increased from 3:1 to 5:1 for electrodes with the monodentate ionophore Ag-2, the selectivity over K + , Na + and Cu 2+ increased by at least 1.5 orders of magnitude. This significant increase in selectivity cannot be explained by a modest increase in the free ionophore concentration from 1.0 to 3.0 mM, as would be expected if 2:1 complexation were dominant. This suggests that in the membranes with the 3:1 ionophore-to-site ratio, and thereby a 3:1 ratio of total ionophore and Ag + , there is 1:3 complexation and only a low concentration of free ionophore. The 5:1 ionophore-to-site ratio permits formation of tetracoordinated complexes with an excess of free ionophore, which is crucial for high selectivity. 47 An analogous effect is observed for ionophore Ag-4, which has two thioether groups and can, therefore, achieve tetracoordination already at a 2:1 ratio of ionophore to Ag + . 31 A ratio of Ag-4 to ionic sites of 2:1 permits tetracoordinate binding of all Ag + , but this would leave the free ionophore concentration in the sensing membrane at the very low level determined by the dissociation constant of this complex. In contrast, an ionophore-ionic site ratio of 3:1 and tetrahedral Ag + coordination as a result of the formation of 2:1 complexes leaves one-third of the ionophore in its free form (1.0 mM), resulting in high selectivity. Indeed, the selectivity of the 3:1 membranes doped with ionophore Ag-4 is ap- 2:1 -9.11 ± 0.21 -10.35 ± 0.22 -10.50 ± 0.25 3:1 -11.60 ± 0.13 -12.94 ± 0.14 -13.04 ± 0.22
a The concentration of ionic sites, 3, for all electrode membranes was 1.0 mM. proximately 2.5 orders of magnitude higher than for membranes with the 2:1 ratio.
For a meaningful comparison of the performance of different ionophores, selectivities of membranes with an excess of free ionophore should be considered. Here, selectivities from membranes containing Ag-2 in a molar ratio of 5:1 to the ionic sites and membranes with Ag-3 or Ag-4 in a ratio of 3:1 to the ionic sites may be compared. As Table 1 shows, the monodentate Ag-2 provides 1.5 and 3 orders of magnitude lower selectivity than the bidentate ionophores Ag-3 and Ag-4, respectively. While the superior performance of Ag-3 and Ag-4 in comparison to Ag-2 is easily understood as an effect of host preorganization, the higher selectivity of Ag-4 in comparison to Ag-3 is puzzling. These two ionophores share the same spacer between the two thioether groups, and they have the same number of methylene groups between the thioether groups and the perfluoroalkyl substituents. The only difference in their structure is that the perfluoroalkyl chains of Ag-4 (perfluorodecyl) are longer than in Ag-3 (perfluorooctyl). While the higher selectivity of Ag-4 is not currently understood, one may wonder if the higher selectivity is related to intramolecular interactions between the two perfluoroalkyl chains of one ionophore molecule, or alternatively interactions between the perfluoroalkyl groups of two ionophores within a Ag + complex. Fluorophilic compounds with very long straight-chain perfluoroalkyl groups are often not very soluble even in fluorous solvents because they solidify quite readily as the result of the relative stiffness of perfluoroalkyl groups 24 and the concomitant low loss of entropy upon crystallization. Thereby, the perfluorodecyl groups may contribute in an unusual way to host preorganization.
As Ag-4 is the most selective ionophore among these four ionophores, the selectivities for Ag + over more interfering ions were determined (see Table 2 ). In comparison to the selectivities for the so far most Ag + selective ISE (based on a conventional nonfluorous membrane and ionophore Cu-I) (see Scheme 1), 11 the ISE with Ag-4 as fluorophilic ionophore shows a Ag + selectivity enhanced by about 2 orders of magnitude over many interfering ions. For example, Pb 2+ and Cu
, which coexist with Ag + in many environmental samples, are highly discriminated with log K Ag,J pot -10.2 and -13.0, while the nonfluorous membrane ISE listed in Table 2 exhibits a log K Ag,Cu pot of -11.1, and the majority of other ionophore-based ISEs described in the literature were reported to exhibit log K Ag,Pb pot and log K Ag,Cu pot values in a range of -1.0 to -6.0. Detection Limit. It is well known that in the presence of interfering ions ISEs with higher selectivities can detect primary ions at lower concentration. Moreover, strong binding of the primary ion to the ionophore reduces coextraction of the primary ion and the ionic sites into the sample, an effect that can improve the detection limit when the concentration of interfering ions is low. Since the best selectivity in this work was obtained with ionophore Ag-4, further experiments to improve the detection limit for Ag + were performed with this ionophore in a molar ratio of 3:1 to the ionic sites. Because perfluoroperhydrophenanthrene, 1, which was used in the selectivity evaluation described above, has a fairly high vapor pressure and is, therefore, not suitable for long-term use, the linear perfluorooligoether 2 was utilized as membrane matrix. Earlier research with 2 and H + ionophores showed that similar and even slightly better selectivities were obtained with ISE membranes based on 2 as compared to ISEs based on 1, which is consistent with the low Lewis basicity of the oxygens in perfluoroethers. 23 Moreover, the linear perfluorooligoether 2 is more viscous than 1 (0.099 Pa · s and 0.028 Pa · s, respectively), 54 which is expected to favor low detection limits as this decreases the diffusion coefficients of ions in sensing membranes and thereby diminishes ion fluxes.
Low detection limits for Ag + with membranes based on 2 were achieved by use of solid contacted membranes. As in our earlier work with PVC-based Ag + ISE membranes, 15 threedimensionally ordered macroporous (3DOM) carbon was used as a solid contact. Initial experiments using Ag-4 and 3DOM carbon attempted the direct attachment of fluorous polymeric sensing membranes onto 3DOM carbon monoliths to give an electrode setup identical to the one previously used in our work with PVC-based membranes (see Figure 1 in ref 13 and Figure 1 in ref 15 ). For this purpose, the sensing membranes were composed of Teflon AF2400 (poly[4,5-difluoro-2,2,-bis(trifluoromethyl)-1,3-dioxole]-co-poly(tetrafluoroethylene)), plasticized with 2 and doped with the borate salt 3 and ionophore Ag-4. However, due to the low polarity of the fluorous sensing phase, the fluorous sensing membranes readily peeled off from the supporting poly(vinyl chloride) (PVC) substrate. Therefore, the electrode setup shown in Figure 1 was used instead. The same electrode bodies were used as for the ISEs with inner filling solutions, and the screw cap permitted a tight contact between the 3DOM carbon and the sensing membrane. The use of porous poly(tetrafluoroethylene) disks with a backing provided additional mechanical stability and did not affect selectivities. Following the conditioning protocol already used in our previous work for the detection of Ag + at very low concentrations, 15 the electrodes were first exposed to 1 µM AgNO 3 solution for 2 days to replace the Na + introduced into the fluorous membranes in the form of the salt of the ionic site, 3, with Ag + from the conditioning solution. This was followed by conditioning of the electrodes in 1 nM AgNO 3 solution for another 2 days to remove extra Ag + from the sensing membranes. The electrodes were then moved to freshly prepared 1 nM AgNO 3 solutions to determine the detection limit. A typical calibration curve is shown in -10 to 10 -9 M, and started to level off at lower concentrations. The detection limit achieved was 3.8 × 10 -11 M, or 4.1 ppt, which is very close to the one reported earlier by us for PVCbased 3DOM carbon-contacted membranes, which had a 4.0 × 10 -11 M (4.3 ppt) detection limit for Ag + . 15 Whether the extremely favorable detection limits of these sensors are simply the result of the combination of the use of solid-contacts, very selective ionophores and membrane formulations, and ideal conditioning procedures, or whether 3DOM carbon solid contacts generally provide somewhat lower detection limits than solid contacts based on conductive polymers such as polypyrroles or polythiophenes remains to be seen.
CONCLUSIONS
This paper describes the first use of a fluorous membrane matrix along with 3DOM carbon solid-contacts, resulting in a detection limit as low as 4.1 ppt for Ag + . This opens a venue to combine the advantages of fluorous membranes and 3DOM carbon solid contacts for many other ionophores and analytes. Following previous work with H + selective ionophores, this work is also the second example of how fluorous membranes can greatly improve the selectivity of ionophore-based ISEs. The strong interaction between Ag + and the ditopic receptors in the fluorous membrane matrix results in exceptional selectivities. Attempts to optimize the preorganization of the ditopic receptors have not been made yet, and one may wonder what further improvements in Ag + selectivities may be achieved if, for example, the linker between the two thioether groups were varied or fluorophilic macrocyclic thia crown ethers were used to dope fluorous ISE membranes. Potentiometric Ag + response with the lowest detection limit achieved in this work, as recorded after conditioning of the electrode in 1 µM AgNO 3 for 2 days and 1 nM AgNO 3 for another 2 days. The fluorous membrane was composed of the linear perfluorooligoether 2, doped with 0.5 mM borate salt 3, and 1.5 mM ionophore Ag-4. The solid line is a fit based on the Nicolskii-Eisenman Formalism 6 and the interrupted lines show how the detection limit was determined according to IUPAC recommendations. 55 
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